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Introduction
 Periodontal tissues comprise gingiva epithelia, ce-
mentum, periodontal ligament and alveolar bone, and 
have a unique structure in that the human periodontal 
ligament (hPDL) lies between the cementum and alveo-
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Abstract : Periodontal tissue has a unique structure in that the human periodontal ligament (hPDL) lies be-
tween the hard tissues of cementum and alveolar bone.  Although the role of cytokines in hPDL function is not 
clearly understood, we investigated the effect of mechanical stress as hydrostatic pressure (HP) on cytokine 
expression in hPDL cells. 
 The hPDL cells were obtained from a healthy maxillary third molar.  After the 3rd to 4th passage, the cells 
were exposed to HP ranging from 1 MPa to 6 MPa as previously described.  The expression of cytokine mRNA 
was determined by RT-PCR and cytokines in the culture supernatants were assessed by enzyme-linked immu-
nosorbent assay (ELISA).
 The exposure to 6 MPa of HP caused no morphological changes of hPDL cells, and did not affect cellular via-
bility.  No expression of IL-1β, IL-6, IL-8, TNF-α, RANK, RANKL or OPG mRNA was observed in the control 
cells under atmospheric pressure, whereas in hPDL cells treated with HP, enhancement of IL-6, IL-8, RANKL 
and OPG mRNA expression was observed between 10 and 60 minutes after the exposure to HP.  After the ex-
posure to HP, the production of IL-6 and TNF-α were induced signiﬁ cantly in hPDL cells, but IL-1β and IL-8 
were not produced.
 These results suggest that hPDL cells may play a role in the production of cytokines in response to mechani-
cal stress in vivo.
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lar bone.  The hPDL functions as a cushion mitigating 
the mechanical forces under mastication, and in so do-
ing might be subjected to such forces.  Hydrostatic pres-
sure (HP) is a mechanical stress that includes tension 
force, compressive force and stretching force.  It is well 
known that a local immune response is caused by in-
ﬂ ammation and bone absorption by mechanical stress 
in hPDL cells1–3.  It was recently reported that gene ex-
pression was induced by mechanical stress in hPDL 
cells4.  In addition, these cells do not show speciﬁ c 
markers5, and it is difﬁ cult to analyze the function of 
hPDL cells in vitro.  Although hPDL cells undergo bio-
logical changes in response to mechanical stress, it is 
not clear whether mechanical stress of a certain magni-
tude has a mastication-like effect on these cells.  HP has 
an effect on osteoblasts6,7 and odontoclasts8 , and is used 
in orthopedic surgery.  hPDL cells produced prostaglan-
din E and intercellular cyclic AMP (cAMP) in response 
to HP9, however, the roles of cytokines in hPDL cells are 
not clearly understood.  In the present study, an at-
tempt was made to examine whether HP can induce the 
expression of cytokines in hPDL cells.
Materials and Methods
1. Preparation of hPDL cells
 The hPDL cells were obtained from a healthy erupted 
maxillary third molar from three donors (21-year-old fe-
male, 23-year-old male and 24-year-old female) for orth-
odontic reasons with informed consent.  The tissue was 
minced and cultured as explants in DMEM containing 
10% FBS and antibiotics as previously described10.  Af-
ter 3 to 4 passages, the cells were used for experiments. 
This experimental procedure was approved by the Eth-
ics Committee, Kyoto Prefectural University of Medi-
cine.
2. Hydrostatic pressure apparatus
 The apparatus used in this study (Fig. 1) allows ster-
ile manipulation and can apply up to 6 MPa of HP to 
cultured cells at a constant level and temperature. 
 The petri-dishes were placed in a deformable Teﬂ on 
pouch that was ﬁ lled with serum-free DMEM.  The 
pouch was placed in a stainless-steel pressurization 
vessel.  Water was used as the pressure medium, and 
pressure was transmitted to the cells through the 
packed Teﬂ on pouch and then the culture medium in a 
gas-free environment.  The temperature was main-
tained at 37℃ by using a thermostat placed in the pres-
sure vessel.  A great advantage of this HP apparatus is 
the separation of the pressure medium from the air.  In 
addition, because the pressure was transmitted to the 
cells by water, there was less contamination than in our 
previous studies11–13 and the reproducibility was im-
proved in an aseptic environment. 
3. Loading of hydrostatic pressure
 The hPDL cells were seeded onto petri-dishes at a 
concentration of 1× 106 cells/dish.  The cells reached 
conﬂ uence following approximately 1 week of culture, 
Fig. 1　Diagram of the special HP apparatus.
The apparatus was used to apply arbitrary HP to cells.  Water is used as the pres-
sure medium, and pressure is transmitted to the cells through the packed Teﬂ on 
pouch.  Temperature is maintained at 37℃ by using a thermostat placed in the 
pressure vessel.
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and then were exposed to HP of 1 MPa for 10 minutes, 1 
MPa for 60 minutes or 6 MPa for 60 minutes.  We con-
ﬁ rmed that the pH of the DMEM inside the Teﬂ on con-
tainer was constant at 7.4 before and after the experi-
ment.  Cells seeded in petri-dishes and placed in the 
same apparatus under the same conditions were used 
as non-pressurized controls.
4. Expression of cytokine mRNA
 Total RNA was extracted using ISOGENⓇ and the ex-
pression of cytokine mRNA was determined by the re-
verse transcription-polymerase chain reaction (RT-PCR) 
method.  We analyzed the mRNA expression of interleu-
kin (IL)-1β, IL-6, IL-8, tumor necrosis factor-α (TNF-α), 
receptor activator of NF-κB (RANK), receptor activator 
of NF-κB ligand (RANKL), and Osteoprotegerin (OPG). 
β-actin was used as an internal control.  The primer se-
quences are shown in Table1.  For RT-PCR, we used our 
previously reported procedure14.  Brieﬂ y, total RNA was 
extracted with ISOGENⓇ (Nippon Gene, Tokyo, Japan), 
and cDNA was produced using Superscript RNase H 
Reverse Transcriptase (Invitrogen, Carlsbad, CA, 
U.S.A.), oligo dT primer, and 2.5 mmol/l dNTP Mixture 
(Takara Shuzo, Otsu, Japan).  PCR was performed for 
35 cycles, each consisting of 1 minute at 95℃ for dena-
turation, 1 minute at 50℃ for annealing and 1 minute 
at 72℃ for extension.  Ten microliters of each PCR 
product was analyzed by electrophoresis on a 1.5% aga-
rose gel containing ethidium bromide (Bio-Rad Labora-
tories, Hercules, CA, U.S.A.), and the bands were visu-
alized under UV light.
5. Production of cytokine in hPDL cells
 Assays for cytokines in the culture supernatants em-
ployed available enzyme-linked immunosorbent assay 
(ELISA) kits obtained from the following sources : IL-
1β, IL-6, IL-8, TNF-α (Biosource International, Ca-
marillo, CA, U.S.A.).  All assays were conducted in ac-
cordance with the manufacturer's instructions.
6. Morphologic changes of the cells
 Before and after the loading of HP, morphologic 
changes of hPDL cells were observed using an inverted 
optical microscope (Olympus, Tokyo, Japan).  The size of 
the cells was assessed at a simple glance.  The viability 
of hPDL cells was examined using the trypan blue ex-
clusion test.
7. Statistical analysis
 Data obtained from separate experiments were pooled 
and expressed as means± SEM.  Comparisons between 
groups were made using the student's t test.  Differenc-
es were considered signiﬁ cant at P < 0.05.
Results
1. Expression of cytokine mRNA in hPDL cells
 hPDL cells were exposed to HP ranging from 1 MPa 
Table 1　PCR primers, sequences and predicted size
cytokine sequences predicted size
IL-1β
IL-6
IL-8
TNF-α
RANK
RANKL
OPG
β-actin
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
ATAAGCCCACTCTACAGCT
ATTGGCCCTGAAAGGAGAGA
GTACCCCCAGGAGAAGATTC 
CAAACTGCATAGCCACTTTC
GCTTTCTGATGGAAGAGAGC
GGCACAGTGGAACAAGGACT
TCGGGCCAATGCCCTCCTGGCCAA
GTAGACCTGCCCAGACTCGGCAAA
TTAAGCCAGTGCTTCACGGG
ACGTAGACCACGATGATGTCGC
CAGCACATCAGAGCAGAGAAAGC
CCCCAAAGTATGTTGCATCCTG
GTACGTCAAGCAGGAGTGCAATC
TTCTTGTGAGCTGTGTTGCCG
GTGGGGCGCCCCAGGCACCA
CTCCTTAATGTCACGCACGATTTC
443
819
585
468
497
517
472
541
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to 6 MPa.  No expression of IL-1β, IL-6, IL-8, TNF-α, 
RANK, RANKL or OPG mRNA was observed in the con-
trol cells under atmospheric pressure, whereas in hPDL 
cells treated with HP, IL-6 and OPG mRNA were ob-
served after the exposure to 1 MPa of HP for 10 min-
utes.  In addition, the expression of IL-8, TNF-α and 
RANKL mRNA was speciﬁ cally induced following expo-
sure to 1 MPa of HP for 60 minutes.  After 6 MPa of HP 
for 60 minutes, the expression of IL-6, IL-8, RANKL 
and OPG mRNA was observed (Fig. 2).  Each experi-
ment was performed 8 or 9 times.  We carried out the 
same experiment using other hPDL cells, and obtained 
the same results.
2. Production of cytokine in hPDL cells
 After the exposure to HP, the production of IL-6 and 
TNF-α were induced signiﬁ cantly in hPDL cells, but IL-
1β and IL-8 were not produced (Fig. 3).  After 6 MPa of 
HP for 60 minutes, the level of TNF-α was signiﬁ cantly 
lower than after 1 MPa of HP for 60 minutes.  Each ex-
periment was performed the same number of times in 
accordance with the previous session.
3. Morphologic changes of the hPDL cells
 The exposure to 6 MPa of HP caused no changes in 
the morphology of hPDL cells, and did not affect cellular 
viability (data not shown).  hPDL cells deﬁ nitely did not 
exhibit morphologic change (Fig. 4).
Fig. 2　Expression of cytokine mRNA in hPDL cells after exposure to HP.
The expression of IL-6, IL-8, TNF-α, RANKL and OPG in hPDL cells after exposure to 
HP; (1) IL-1β, (2) IL-6, (3) IL-8, (4) TNF-α, (5) RANK, (6) RANKL, (7) OPG, (8) 
β-actin.
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Discussion
 hPDL is a thin non-mineralized connective tissue be-
tween two mineralized tissues : alveolar bone and ce-
mentum.  hPDL keeps its function under enormous me-
chanical stress.  On the other hand, mechanical stress, i. 
e. compressive and tensile forces, causes a local immune 
response, inﬂ ammation and bone resorption1–3.  In the 
present study, it was demonstrated that hPDL cells pro-
duced cytokines in response to HP as mechanical stress. 
Regarding inﬂ ammatory cytokines, it was reported that 
hPDL cells expressed IL-1β in response to tensile 
force3, and endogenous IL-1β  and PGE2 production was 
reduced by ALP activity1,15.  hPDL cells also showed re-
duced expression of IL-1β, IL-6 and IL-8 mRNA in re-
sponse to tensile force, and as a result, IL-1β-induced 
inﬂ ammation was suppressed.  The production of in-
ﬂ ammatory cytokines was also suppressed by IL-1016. 
The present results indicated that not IL-1β mRNA but 
Fig. 3　Production of inﬂ ammatory cytokines in hPDL cells after exposure to HP.
Supernatant ﬂ uids were immediately collected after exposure to HP, and IL-1β, IL-6, 
IL-8, and TNF-α levels were measured with ELISA kits.
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IL-6 and IL-8 mRNA are expressed after loading of HP, 
similar to the ﬁ nding made by Terada17.  The amount of 
IL-6 increased with time and magnitude-dependently 
after exposure to HP, whereas there was no inﬂ uence by 
production of IL-8 in hPDL cells.  On the other hand, 
the production of TNF-α was augmented time-depend-
ently under the condition of 1 MPa of HP.  These results 
suggest that cytokine production is magnitude-depen-
dent as well as time-dependent.  These ﬁ ndings demon-
strated that hPDL cells expressed inﬂ ammatory cyto-
kines in response to HP and tensile force.  Tomita et 
al.18 reported that the expression of inﬂ ammatory cyto-
kines is augmented by excessive tensile force and peri-
odontal bacterium, and may promote destruction in 
periodontal tissue.  It is possible that inﬂ ammatory cy-
tokines act as pathogenic factors in periodontal tissue. 
 It is not unusual for hPDL cells to be exposed to 6 
MPa of HP.  Nagai et al.19 found the pressure from phys-
iologic occlusion to be 6.9 ± 0.4 MPa, therefore our 
model closely resembled the environment in vivo.  In 
fact, the exposure to 6 MPa of HP caused no changes in 
the morphology of hPDL cells, and did not affect cellular 
viability.
 The advantages of this HP apparatus are 1) the envi-
ronment is less aseptic than in our previous study, 2) 
the pressure can be maintained, 3) a different pressure 
can be gradually loaded and 4) the pressure medium is 
separated from the air.  Without such separation, the 
air dissolves into the culture medium, the pH of the me-
dium then changes, and this pH change greatly affects 
the cells.  Therefore, this apparatus is excellent for the 
analysis of pressure loading.
 The expression of RANKL and OPG mRNA is in-
volved in osteolysis at the hip joint20 and rapidly de-
structive coxopathy21.  Both the up-regulation of 
RANKL expression and down-regulation of OPG expres-
sion have been demonstrated in marginal periodonti-
tis22.  In response to compressive force, hPDL cells 
showed augmented expression of RANKL mRNA in a 
force- and time-dependent manner, and cocultured with 
PGE2 induced production of RANKL2.  Nukata et al.23 
have reported that the expression of RANKL mRNA in 
hPDL cells was enhanced by IL-1β.  In the present 
study, HP induced the expression of RANKL and OPG 
mRNA.  The cytokines produced by hPDL cells in re-
sponse to mechanical stress, especially HP, may affect 
bone metabolism.  It was previously noted that the ex-
pression of TNF-α mRNA was associated with that of 
RANKL and OPG in radicular cyst walls24, indicating a 
close correlation between inflammatory cytokines, 
Fig. 4 Photomicrographs of hPDL cells after exposure to HP; (a) control, (b) HP 1MPa 
10 min, (c) HP 1 MPa 60 min, (d) HP 6 MPa 60 min. 
hPDL cells were no inﬂ uenced after exposure to HP. 
(Original magniﬁ cation×100) 
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RANKL and OPG.
 In conclusion, the present study demonstrated that 
hPDL cells produced many kinds of cytokines in re-
sponse to HP.  These results suggest that a function of 
hPDL cells is to produce cytokines under mechanical 
stress.  However, further studies are needed to charac-
terize the roles of hPDL cells in vivo.
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